Summary Stage-specific analyses of starch and 18 sugars, including pentoses, hexoses, disaccharides, trisaccharides, oligosaccharides and sugar alcohols, were made throughout seed development for zygotic embryo and female gametophyte (FG) tissues of loblolly pine (Pinus taeda L.). Tissue was most often analyzed in triplicate from two open-pollinated families grown in different locations and sampled in different years. Carbohydrates were analyzed by enzymatic assay, high performance liquid chromatography or gas chromatography/mass spectrometry. For all carbohydrates quantified, peak concentrations were higher in embryo tissue than in FG tissue. Significant changes in starch and sugar concentrations occurred over time, with both seed collections showing similar trends in temporal changes. Although concentrations were not always similar, embryo and FG tissues generally showed similar patterns of change in starch and sugar concentrations over time. Total starch concentration was highest during early seed development and decreased as development progressed. The major sugars contributing to osmotic potential during early seed development were D-pinitol, sucrose, fructose and glucose. During mid-seed development, D-pinitol, sucrose, fructose, glucose, melibiose and raffinose provided major contributions to the osmotic environment. During late seed development, sucrose, raffinose, melibiose, stachyose and fructose were the major contributors to osmotic potential. These data suggest stage-specific media composition for each step in the somatic embryogenesis protocol.
Introduction
Loblolly pine (Pinus taeda L.) is the major commercial woody species in the southern USA, ranging from New Jersey to Texas, with 1-1.5 billion seedlings planted annually (Schultz 1999 ). Loblolly pine dominates 11.7 million ha and comprises about 23% of the total USA harvest of all woody species (Forest Service FIA Data Retrieval System 2004) .
Forest productivity can be increased by planting tree farms with large numbers of elite, high-value trees. To take better advantage of long-term breeding programs and genetic engineering advances to produce more lumber, pulp and paper, energy, or chemicals from renewable tree biomass, methods to propagate large numbers of superior trees are needed. Clonal propagation by somatic embryogenesis can capture benefits of breeding or genetic engineering programs to improve wood quantity, quality and uniformity. Factors currently limiting commercialization of somatic embryogenesis include low initiation for recalcitrant seed sources, low culture survival, culture decline causing low or no embryo production, and the inability of somatic embryos to mature fully resulting in low germination and slow somatic seedling growth.
In pine seed, the zygotic embryo grows and develops within the female gametophyte (FG). Somatic embryos, however, are cultivated in the absence of FG tissue, which is replaced by a culture medium that must closely resemble the nutritional, osmotic, hormonal and gaseous environment of the FG to ensure the development of vigorous somatic embryos. Most often, medium optimization is accomplished through a process of trial and error. An alternative approach is to analyze zygotic tissues to obtain targets for the growth medium. In following this approach, the Forest Biology Group at the Institute of Paper Science and Technology (IPST) has performed stage-specific analyses of loblolly pine tissues for abscisic acid (Kapik et al. 1995) , metals (Pullman and Buchanan 2003) , organic acids (Pullman and Buchanan 2006) and gene expression (Cairney and Pullman 2007) .
Carbohydrates are important constituents of plants and can accumulate in large amounts as deposited or dissolved free molecules. Carbohydrates play important roles providing energy and carbon for biosynthesis, as osmotic agents, in seed desiccation and cold tolerance, and as developmental regulators controlling gene expression (Iraqui and Tremblay 2001) . The types and concentrations of stage-and tissue-specific car-bohydrates present during pine seed development are poorly understood. We report here the results of quantitative analyses of starch, sugars and sugar alcohols present in stage-specific FG and embryo tissues of loblolly pine.
Materials and methods

Plant material
Loblolly pine cones were collected weekly throughout embryo development from open-pollinated mother trees. Seeds were dissected and tissue stored as described by Pullman and Buchanan (2006) . Seeds for sugar analyses by high performance liquid chromatography (HPLC) were collected in 1996 and 1997 from Tree S4PT6 located in a Boise Cascade breeding orchard near Lake Charles, LA. Seeds for sugar analysis by gas chromatography/mass spectroscopy (GC/MS) were collected from Tree UC5-1036, located in a seed orchard near Bellville, GA in 1998 and from Tree 7-56 from a seed orchard near Lyons, GA in 2002. Seeds for starch analysis were collected from Tree 7-56 in 2003 and from MeadWestvaco Tree 317 near Summerville, SC in 2003.
The FG was slit and pried open, and the dominant embryo quickly observed through a dissecting microscope, evaluated for stage of development (Pullman and Webb 1994, Pullman and Buchanan 2003; see Figure 1 ), sorted by stage and tissue type, and placed in vials that were partially immersed in liquid nitrogen. Stage 9 embryos were categorized by the week they were collected: 9.1 (Stage 9, Week 1), 9.2 (Stage 9, Week 2), etc. Twenty similar-staged embryos or FGs were collected per vial, frozen, and stored at -70°C until analyzed. Collections for each tree and tissue type spanned from Stage 1, collected 2-3 weeks after estimated fertilization, to Stage 9.11, shortly before cone harvest.
Sugar analysis by HPLC
Because of the small amounts of embryo or FG tissues available during the early stages of seed development, a sensitive and selective analytical technique was required to identify and quantify sugars in the tissues. In our preliminary work, we modified the HPLC method of Pettersen et al. (1984) . Aliquots of frozen tissue were weighed into 2-ml Eppendorf tubes and vacuum dried over night in a Labconco Centrivap Concentrator (Kansas City, MO).
One ml of deionized water was added, and the tissue was ground with a micro-pestle. The tubes were placed in an ultrasonic bath for 10 min to effect complete extraction of water-soluble sugars. The sugar extract was filtered through a 0.2-µm pore-size Gelman PVDF syringe filter before analysis. Extracts were kept on ice until injected.
The HPLC system consisted of a Waters 717 plus autosampler, Waters 600 controller and pumps, Waters 410 differential refractometer, in-line solvent degasser and heated column oven. A Phenomenex Security Guard Cartridge: CarboPb-2+ (4 × 3 mm) and a Bio-Rad Aminex HPX-87P (300 × 7.8 mm) analytical column were used. Column temperatures were maintained at 85°C; the refractive index (RI) detector was maintained at 50°C. Analysis was isocratic with a deionized water mobile phase flowing at 0.6 ml min -1 . Sample injection volume was 100 µl. Multipoint calibration curves were prepared with standards made from pure sugars dissolved in deionized water. Sugars in the sample extracts were identified by matching retention times with known reference standards. Sugar concentrations in the sample extracts were determined by linear regression analysis. The FG tissue replications consisted of 34-247 mg dry mass from Stages 3, 5, 7, 9.1, 9.3, 9.5, 9.7 and 9.9 . Embryo tissue replications from Stages 3, 8, 9.3, 9.5, 9.7 and 9.9 ranged in mass from 1.2 mg for Stage 3 embryos to 31.5-84.5 mg for later stages.
Sugar analysis as trimethylsilyl derivatives by GC/MS
Because of difficulties in identifying sugar peaks from the HPLC profiles, we adopted the method described by Pullman and Buchanan (2006) for analysis of organic acids to analyze sugars in loblolly pine seed tissues. The Max Planck Institute of Molecular Plant Physiology developed an online Mass Spectra Reference Library, with more than 300 known compounds including organic acids, amino acids, fatty acids, sugars and sugar alcohols (SA) extracted from plant tissues (Roessner et al. 2000 , Max Planck Institute 2005 . The compounds extracted from embryo and FG tissues were derivatized to trimethylsilyl (TMS) compounds. Spectral information and retention times for each analyte are provided. By matching our sample extraction, derivatization and GC/MS analytical conditions to those used at the Max Planck Institute, we were able to identify most of the carbohydrates detected in the tissue samples. Positive confirmation was obtained by matching retention times and mass spectral characteristics of the sugars in the sample extracts with known reference standards.
Frozen tissue (embryo or FG) was weighed into a labeled micro-mortar tube. Immediately following the addition of 500 µl methanol, the tissue was ground in the tube with a micro-pestle. A 5 µg spike of ribitol internal standard was added in 25 µl of water. The tube was capped and vortexed, then heated to 60-70°C for 15 min with additional vortexing three times at 5-min intervals and centrifuged at 14,000 g for 5 min. The supernatant was transferred to a labeled vial. Water (450 µl) was added to the remaining tissue solids in the original tube, which was then capped and vortexed. Chloroform (250 µl) was added and again the tube was vortexed several times. The tube was centrifuged for 5 min at 14,000 g. The aqueous top layer was transferred to the labeled vial containing the aliquot of the first methanol:water extract. A total extract volume of about 1 ml was recovered. The vial was capped and the extract vortexed before removing a 300-µl aliquot to a glass tube for further processing. The aliquot in the glass tube was dried overnight in a Labconco Centrivap unit, and the residue was derivatized in a two-step process. First, 25 µl of methoxyamine hydrochloride (20 mg ml -1 pyridine) reagent was added, and the tube was vortexed and heated to 40°C for 90 min with vortexing every 15 min. Second, 50 µl of N-methyl-N-(trimethylsilyl)trifluoracetamide (MSTFA) deri-vatizing reagent was added to the glass tube, vortexed and heated to 40°C for 60 min, with vortexing every 15 min throughout the heating period. The derivatized extract was cooled to room temperature and analyzed by GC/MS on a Hewlett-Packard Model 5890 Series II GC and Model 5971A MSD. A Supelco SPB50 fused silica capillary column (30 m × 0.25 mm ID × 0.25 µm film thickness) was used with the following operating conditions: helium carrier gas, 89.6 kPa head pressure; inlet temperature, 230°C; MS interface temperature, 280°C; initial column temperature, 70°C; initial time, 5 min; temperature ramped at 5°C min -1 ; final temperature, 310°C; final time, 12 min; total run time, 65 min. The MS parameters were as follows: ionization mode Electron Impact @ 70eV; mass range, 35-550 amu; scan rate, 0.26 s -1 ; and filament (solvent) delay, 8.0 min.
The FG and embryo tissues were analyzed at Stages 1, 3, 5, 7, 9.1, 9.3, 9.5, 9.9 and 9.11 for both trees, Stage 9.6 for Tree 7-56, and Stage 9.7 for Tree UC5-1036. Because of the small amounts of embryo tissue available from Stages 1 to 8, replications were occasionally limited. Replicates of tissue fresh mass ranged from 1.82 mg for early-stage to 14.81 mg for late-stage embryo tissue, and from 86.12 to 100.75 mg for FG tissue.
Quantification of total starch by enzymatic assay
Total starch was determined by two-step hydrolysis with thermostable α-amylase and amyloglucosidase enzymes (Total Starch Assay Kit, Megazyme International). In Stage 1, following the removal of free glucose by aqueous ethanol washes, the starch was partially hydrolyzed to dextrins and totally solubilized by the action of α-amylase. In Stage 2, the starch dextrins were quantitatively hydrolyzed to glucose by amyloglucosidase. The quantity of glucose formed was measured spectrophotometrically with a glucose determination reagent comprising a buffered glucose oxidase-peroxidase (GOPOD) solution containing 4-aminoantipyrine.
Replicate aliquots of frozen embryo or FG tissue (3 to 100 mg) and starch control samples were weighed into individually labeled 15-ml screw-capped glass culture tubes. Each tissue sample was immediately ground to a fine mash in the presence of 0.2 ml of aqueous ethanol (80%, v/v) with a glass stirring rod. Each rod was rinsed into its culture tube with an additional 4.8 ml of 80% aqueous ethanol. Tubes were capped and incubated at 80-85°C for 5 min. Each tube was then vortexed, an additional 5.0 ml of 80% aqueous ethanol added and, after mixing, centrifuged for 10 min at 1000 g. The supernatant containing free glucose and maltosaccharides was discarded. Solids were resuspended in 10 ml of 80% aqueous ethanol, remixed and centrifuged and the supernatant discarded.
The first stage of the enzymatic hydrolysis was initiated by the addition of 3 ml of thermostable α-amylase (300 U) in MOPS buffer (50 mM, pH 7.0) to the sample solids in the culture tubes. The tubes were vigorously stirred on a vortex mixer, placed in boiling water without caps for 6 min and vortexed after 2 and 4 min. Tubes were then incubated at 50°C while the pH of the solution was adjusted by adding 4 ml of 200 mM sodium acetate buffer, pH 4.5. The second stage of the enzymatic hydrolysis was initiated by the addition of 0.1 ml of amyloglucosidase (20 U) to each tube. Tubes were capped, vortexed, and incubated at 50°C for 30 min. Each tube was removed and the volume adjusted to 10 ml with deionized water and thoroughly mixed. The tubes were centrifuged at 1000 g for 10 min, and the resulting supernatant was used for glucose determination.
Aliquots (0.1 ml) of the supernatant were transferred to fresh 15-ml screw-capped glass culture tubes. A 1.0-ml aliquot of the buffered glucose determination reagent (GOPOD) was added to each tube (including glucose controls and a reagent blank). The tubes were incubated at 50°C for 20 min. After cooling to room temperature, absorbances of the glucose controls and samples were measured against the reagent blank at 510 nm.
Calculation of approximate osmolality for sugars
Approximate osmolality (mM) was calculated for individual sugars and SA based on tissue fresh mass, assuming that all sugars and SA quantified were present in soluble form and were dissolved in the water contained in the tissue.
Results
Sugar analysis by HPLC
The HPLC analysis revealed 10 potential sugar peaks in most embryo and FG tissue samples, and the following nine were tentatively identified: stachyose, raffinose, melibiose, glucose, xylose, galactose, arabinose, fructose and glycerol. However, it was difficult to confirm these identities as peaks were not always clearly separated and some peaks could not be identified with any standard. For these reasons, most data presented here were obtained by GC/MS, although we were able to obtain clear HPLC profiles for raffinose and stachyose (Figure 1 ).
Stage-specific sugar and sugar alcohol analyses by GC/MS
Typical patterns of loblolly pine weekly fresh and dry mass accumulation and water content of seed tissues of several trees are shown in Figure 2 . Sugar analyses throughout the sequence of development for FG and embryo tissues from two open-pollinated families are shown in Figures 3-8. All sugars are plotted by embryo stage at the time of tissue collection. Peak sugar concentrations ranged from a few to about 40,000 µg g FM -1 . For all sugars profiled, concentrations were greater in embryo tissue than in FG tissue, and the concentrations of all sugars in both tissues changed during seed development. Most often the temporal profile of an individual sugar or sugar alcohol was similar for both trees, and FG and embryo tissues often showed similar patterns of change over time.
Although there was some variability between trees, most sugar concentrations were high during the earliest developmental stages and decreased to a constant concentration during late maturation. Sugars that showed this pattern of change over time were: arabinose and xylose ( The pattern for D-chiro-inositol ( Figure 7 ) was unique in having two peaks; the first during early seed development and the second during late development. Galactose (Figure 4) show no reproducible pattern between trees or between tissue types. Sugars that were tested for but were undetected included ribose, rhamnose and trehalose.
A wide range of endogenous sugar concentrations was found. For example, raffinose ranged from undetectable to 6-40 mg g -1 fresh mass in FG and embryo tissue, respectively. galactose, maltose, melezitose and glycerol. Sugars with maximum concentrations below 150 µg g -1 included mannose and erythritol. Sugars with peak concentrations more than 10 times higher in embryo tissue than in FG tissue included melibiose, melezitose and D-chiro-inositol. Arabinose, xylose, fructose, glucose, maltose, raffinose, fagopyritol B1 (tentative identification) and D-pinitol generally had concentrations about 5-fold higher in embryo tissue than in FG tissue. Mannose, sucrose, stachyose, glycerol and myo-inositol generally had concentrations about 2-fold greater in embryo tissue than in FG tissue. Galactose and erythritol concentrations were similar in both tissue types. In evaluating sugar concentrations and changes over time, it is important to consider that suspensor tissue mass decreases over time in early embryo Stages 1-4, with Stage l embryo consisting mostly of suspensor tissue.
Total starch analysis
Total starch concentrations in FG and embryo tissues are shown in Figure 9 based on fresh and dry mass. Starch concen- trations in FGs were highest during mid seed development but were never greater than 1% on a dry mass basis. Starch concentration in embryo tissue was greatest during early development with a maximum of 4-7% on a dry mass basis depending on the seed source. After Stage 9.1, total starch concentration was usually less than 1% on a dry mass basis.
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Approximate osmolality for sugars and sugar alcohols
Osmolality calculated for each sugar and SA was averaged for each seed tissue type from the two trees. Summations of osmotic contribution for the 18 sugars quantified in FG and embryo tissues are shown in Figure 10A . Total stage-specific sugar concentration was always higher in embryo tissue than in FG tissue. Across all stages, the mean molarity of all sugars was about five times higher in embryo tissue than in FG tissue. Osmotic contributions of the major sugars and SA in FG and embryo tissues are shown in Figures 10B and 10C . Because D-pinitol was highly concentrated in both tissues during early seed development, it was the major osmoticant in early seed development contributing about 46% of the sugar-induced osmolality in Stage 1 FG and embryo tissues. As seed development advanced, D-pinitol concentration declined and sucrose became the dominant sugar in the FG often contributing 43-67% of the osmolality from sugars and SA. Sucrose in the embryo contributed 17-7% of the osmolality from sugars and SA and peaked at Stage 9.1. From Stage 1 to 7, fructose and glucose increased and together contributed 25-39% of the osmolality from sugars in embryo tissue. Fructose concentrations were always higher than glucose concentrations. After Stage 7, fructose and glucose concentrations declined. Raffinose accumulated in the embryo and contributed significantly to the osmotic environment from Stage 7 onward. At Stage 7, raffinose contributed 17% of osmotic potential due to sugars; raffinose accumulation peaked at Stage 9.3, contributing about 34% of the sugar-and SA-based osmotic environment, and then decreased to about 26% by the end of seed development. Melibiose contributed significantly (16%) to the osmotic environment at Stage 9.3, climbing to 43% in the full-term embryo. Although the trimethylsilyl analysis method we used did not measure stachyose, HPLC analysis showed high amounts of stachyose accumulating in FG tissue at Stage 9.7 and in embryo tissue at Stage 9.3 (Figure 1 ).
Discussion
Water potentials of developing loblolly pine megagametophytes showed consistent patterns of change throughout development (Pullman 1997) . Osmoticants dissolved in the aqueous seed environment are primarily responsible for megagametophyte water potential. It is known that osmoticant type and amount can drive embryo development and change growth patterns (Kermode 1995) . Osmoticants of interest include metal ions, free amino acids, sugars, sugar alcohols, organic acids, starch and soluble peptides and proteins. We identified, quantified and profiled 12 sugars, six SAs and starch in seed tissues during loblolly pine seed development. Seed from the two study trees showed similar patterns of change in sugars through time. Carbohydrate types and abundance changed during seed development with pentosyl compounds most abundant during early seed development followed by hexoses and disaccharides during mid-development and trioses and oligosaccharides (stachyose) most abundant during late development. Starch concentration was highest during early seed development and declined as seeds matured.
The most significant barrier to obtaining information on nutritional components during early-and mid-embryo development is the small amount of tissue present. Hundreds of embryos requiring laborious dissection may be required for a single analysis replicate. Although a few researchers have reported patterns of sugar change for portions of seed development, most carbohydrate analyses have focused on full-term or germinating seed. We found no studies on starch in conifer seed during early development.
Glucose, fructose, sucrose, raffinose and stachyose are often reported in mature conifer seed (Hattori and Shiroya 1951 , Hatano and Asakawa 1964 , Durzan and Chalupa 1967 , Murphy and Hammer 1988 , Lin and Huang 1994 , Steadman et al. 1996  of development and declined to near zero in mature embryos. Glucose showed a similar pattern to fructose but was always present at lower concentrations and began declining several weeks before seed maturity. Raffinose began accumulating when the embryo reached 25% of its full length and was highest in the full-term embryo. Stachyose showed a similar pattern as raffinose but began accumulating when the embryo was 31% of full-term size. Carpenter et al. (2000a Carpenter et al. ( , 2000b ) measured raffinose, stachyose, D-pinitol, myo-inositol, D-chiroinositol and fagopyritol B1 in developing loblolly pine embryos ( Table 2 ) and found that raffinose and stachyose began to accumulate in early September, 1.6 months before the end of seed development and increased until embryo maturity.
They found that the SA progressed from mainly D-pinitol with lower concentrations of myo-inositol, D-chiro-inositol and fagopyritol B1 on August 20 to reduced D-pinitol and myoinositol and peaking D-chiro-inositol and increasing fagopyritol BI on October 3. At seed harvest (October 17), D-pinitol and myo-inositol were sharply lower, D-chiro-inositol fell to about half the concentration seen 2 weeks earlier and fagopyritol B1 had doubled (Carpenter et al. 2000b ). Gösslová et al. (2001) measured carbohydrate status (D-pinitol, glucose, fructose, sucrose, raffinose and stachyose) in developing whole seeds and mid-stage to full-term FGs and embryos of Norway spruce (Picea abies (L.) Karst.; Table 2 ). Sugar concentrations were highest in whole seeds (150-180 µg mg -1 dry mass) before the presence of early-stage embryos and declined as development advanced. Through much of seed development, sucrose represented about half of the sugars present. D-Pinitol was most abundant during early seed development and declined to around zero at the onset of the formation of cotyledons and thereafter. Raffinose and stachyose started to accumulate about 4 weeks after cotyledons first formed and then increased linearly until 4 weeks before seed harvest. Lipavská et al. (2000) found no D-pinitol in somatic Norway spruce embryos at any stage of development. Gates and Greenwood (1991) found hexose sugars increased in gametophytic supernatant during Pinus resinosa Ait. embryogenesis. Analyses of carbohydrates from Douglas-fir seed with proembryos (Stage 1) showed that concentrations of cyclitols, sucrose equivalents, erythrose and arabinose were many times higher in corrosion cavity fluid than in whole seed tissues (Carman et al. 2005) . Total sugars analyzed (excluding SA and longer chain oligosaccharides) accounted for 12.8% of the corrosion cavity sample dry matter, myo-inositol accounted for 7.2%, and sucrose equivalents accounted for 4.1%. Assuming a water content of 85% for corrosion cavity fluid, concentrations of myo-inositol, sucrose equivalents and other sugars were about 60, 18 and 12 mM, respectively (Carman et al. 2005) .
Starch on a dry mass basis was highest (4-7%) in Stage 1 embryos and declined to about 0.33-0.49% in full-term embryos and to 0.20-0.31% in full-term FGs (Figure 9) . Silveira et al. (2004) reported starch concentrations in the range of 1.5 to 3.5% (FM basis), or up to 13% (DM basis) in whole, full-term FG containing embryos, values that are more than an order of magnitude higher than ours. However, they used a 30% perchloric acid treatment that might have generated an elevated glucose contribution from cell wall cellulose hydrolysis. The extra glucose would result in a falsely elevated starch concentration. Stone and Gifford (1999) reported a starch concentration in full-term loblolly pine seeds of less than 0.1% on a fresh mass basis. They used a DMSO and HCl extraction procedure to isolate starch from tissue, and they quantified starch enzymatically with a Boehringer Mannheim assay kit.
Physiologically and biochemically, Stage 9.1, when cotyledons have curved at their tip and expanded to enclose the shoot apical meristem, appears to represent a turning point in embryo development. A transition occurs in the germinability of zygotic embryos between Stages 8 and 9.1. At Stage 8 and earlier, few embryos germinate to form a root and shoot, whereas TREE PHYSIOLOGY ONLINE at http://heronpublishing.com Stage 9.1 onward, embryos germinate increasingly to form both root and shoot . Further, a biochemical shift apparently occurs at this point in development because the water and osmotic potentials of the megagametophyte become increasingly negative indicating more rapid solute accumulation (Pullman 1997) . Ascorbic acid concentration reaches a peak in Stage 9.1 embryo tissue and then plummets to almost zero as development continues (Pullman and Buchanan 2006) , suggesting a shift in redox potential, an inference supported by observations in white spruce (Picea glauca (Moench) Voss; Johnson et al. 1987 , Belmonte et al. 2005 . Changes in sugar concentrations during embryo development also point to a shift in sugars driving development. Maltose ( Figure 5 ), likely released by breakdown of starch, peaks at Stage 9.1 and declines to low concentrations in subsequent stages when several sugars and sugar alcohols, including raffinose, melibiose, fagopyritol B1 (tentative identification) and the second peak of D-chiro-inositol, begin to accumulate rapidly.
Both FG and embryo tissues usually showed clear patterns of change in carbohydrate concentrations with embryo stage. Assigning physiological age to embryos and surrounding tissue by staging the dominant embryo allows improved comparisons of tissue from tree to tree and year to year. Most studies of nutritional components in seeds monitor tissue by time after flowering or fertilization, or by collection date. Plant growth is controlled by genetics and physiological time, such as the accumulation of degree-days above a minimum temperature, rather than day of year. Because genetics and climate vary, timing of embryo development varies by location, tree and year. Loblolly pine trees may vary as much as 50 days in the date of cone ripening (Dorman 1976) . In our collections spanning several years, Stage 1 embryos were often isolated from immature seed for 2-3 weeks in late June and early July. Mid-development collections often contained multiple stages in cones collected from a single tree on a single date. For example, cones of Tree UC5-1036 collected on July 27, 1998 contained embryos at Stages 4-9.1 and cones of Tree 7-56 994 PULLMAN AND BUCHANAN TREE PHYSIOLOGY VOLUME 28, 2008 For commercial success, the somatic embryogenesis protocol must work with genotypes of diverse genetic backgrounds.
Both embryo quantity and quality must be maximized at each stage of development. In conifers, SE usually occurs as a sequence of steps that includes initiation, multiplication/maintenance, maturation and germination. For SE, specific media are developed for each step and differ in mineral, hormonal and organic components. In loblolly pine, initiation and multiplication media support growth of somatic embryos at Stages 1-2, and maturation medium supports subsequent development. One of our objectives was to develop stage-specific carbohydrate tissue concentration profiles to identify media supplementation strategies that may improve embryo quality and quantity. Our data provide suggestions for stage-specific physiological concentrations of individual and combined sugars, some of which may improve embryo quantity and quality if incorporated in somatic embryogenesis protocols. 
